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ABSTRACT OF THESIS 
ECONOMIC AND POLICY IMPLICATIONS OF FOREST-BASED 
BIOENERGY PRODUCTION IN KENTUCKY 
 Interest in using woody biomass from forestlands for energy 
production has reemerged in recent years.  In Kentucky, bioenergy has 
great potential to help reduce reliance on fossil fuels.  However, questions 
still remain about economic and other social effects associated with 
forest-based bioenergy production.  This study investigates some of the 
economic implications of harvesting woody biomass for bioenergy 
production alongside traditional forest products in Kentucky.  Results 
show that forest-based bioenergy can increase financial return to 
nonindustrial private forest owners.  This study also investigates social 
impacts and drivers of forest-based bioenergy in Kentucky.  Results 
indicate that a variety of issues will have to be dealt with in order for 
bioenergy production from forestlands to be viable in Kentucky. 
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Chapter 1: Introduction 
Current Energy Situation 
 Energy consumption, like human population size, is on the rise worldwide.  The 
U.S. Energy Information Administration (2011b) estimates that global energy demand 
will increase 53% from 2008 to 2035.  Although much of this increased demand is 
attributed to population growth in developing countries, the United States alone is 
currently responsible for approximately one-fifth of total world energy demand (Energy 
Information Administration 2011b).  In contrast, the United States comprises less than 
5% of the total world population (U.S. Census Bureau 2011). 
 Because most energy consumed in the United States is currently derived from 
fossil fuels, concerns arise about environmental degradation resulting from fossil fuel 
consumption and production.  For instance, global climate change has been largely 
attributed to increased carbon dioxide emissions stemming from fossil fuel consumption 
(IPCC 2012).  This situation is expected to worsen as carbon dioxide emissions are 
anticipated to rise as much as 43% between 2008 and 2035 (Energy Information 
Administration 2011b).  Likewise, other serious environmental problems have been 
created as a result of the extraction of fossil fuel resources.  For example, the mining of 
coal frequently results in stream burial and leeching of harmful chemical compounds into 
groundwater (Wright 2005).  The extraction of petroleum can result in ecologically 
catastrophic oil spills such as the Exxon Valdez spill in 1989 and the B.P. Deepwater 
Horizon disaster in 2010. 
 Fossil fuels are frequently linked to economic and national security problems as 
well.  In some places higher energy prices impede industrial and economic development 
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and can exacerbate poverty (Ward 2006).  In other places higher energy prices have been 
shown to negatively impact consumer surplus and increase expectations of inflation 
(Tverberg 2012).  Fossil fuels derived from petroleum are of particular concern for 
national security.  Because a growing portion of petroleum consumed in the U.S. is 
imported from foreign nations concerns arise about potential supply disruptions.  
Moreover, major oil producing regions such as the Middle East are frequently wrought 
with political and social conflict and are generally deemed to be unstable (Salzman and 
Thompson 2010).  As a result the true cost of petroleum may not be accurately reflected 
in market prices if conflict necessitates military presence in order to secure supplies 
(Leiby et al. 1997). 
 As a result of the problems associated with producing and consuming fossil fuels 
interest in renewable energy has reemerged in recent years.  One such form of renewable 
energy that continues to receive much attention is bioenergy or renewable energy 
produced from biomass.  Bioenergy is considered advantageous over many other energy 
forms for a variety of reasons.  For instance, it has potential to significantly aid in 
mitigating global climate change by shifting demand away from fossil fuel resources 
(IPCC 2012).  Likewise, bioenergy is thought to be economically advantageous because 
its production has potential to stimulate local and rural economies (Schubert et al. 2010).  
In this way rural communities might be aided by the creation of new jobs and the 
increased revenue from energy feedstock markets.  As compared with other types of 
renewable energy bioenergy is unique in that it can be processed and used in solid, liquid 
and gaseous states (Hall and Scrase 1998).  Finally, contrary to many common 
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misperceptions, modern bioenergy consumption technologies are clean and efficient (Hall 
and Scrase 1998). 
Bioenergy from Woody Biomass 
 Despite renewed interest in bioenergy, debate is ongoing about what forms of 
biomass will and should be used for bioenergy production and also where this biomass 
will be produced.  Based on recent estimates it is expected that forestlands will play a 
significant role in supplying feedstocks for bioenergy production (Perlack et al. 2005; 
Perlack and Stokes 2011).  Concerns arise, however, over the sustainability of removing 
additional biomass from forests.  For example, it is possible that increased removal of 
woody biomass could have negative ramifications for soil quality and soil productivity 
due to more intensive nutrient removal (Janowiak and Webster 2010).  Likewise, more 
intensive harvesting practices and increased removal of woody debris could adversely 
affect hydrology on many sites (Janowiak and Webster 2010).  The removal of dead and 
down forest biomass could have negative ramifications for wildlife as well (Janowiak and 
Webster 2010).  Potential also exists for competing demand for forest biomass between 
existing forest industry and newly emerging bioenergy industry which could potentially 
impact traditional forest products markets (Conrad and Bolding 2011). 
 On the other hand, increased removal of woody biomass could be beneficial to 
forestlands.  For example, demand for woody biomass could incentivize pre-commercial 
thinning and other silvicultural operations and, in turn, act to improve forest management 
and forest health (Munsell and Germain 2007; Vogt et al. 2005).  Additionally, removal 
of woody biomass from overstocked forests could help to reduce the likelihood of 
catastrophic wildfire on some lands (Polagye, Hodgson, and Malte 2007).  Similarly, it is 
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thought that increased demand for woody biomass could increase financial return to 
nonindustrial private forestland (NIPF) owners who have seen a decline in traditional 
forest product markets in recent years (Nesbit et al. 2011). 
Bioenergy in Kentucky 
 In Kentucky approximately 97% of energy consumed is derived from fossil fuels 
such as coal and petroleum (Energy Information Administration 2011c).  It is therefore 
anticipated that mandates such as a renewable portfolio standard (RPS) will force 
Kentucky to rely more heavily on renewable energy in the future.  Because other 
renewable energy sources such as geothermal, hydropower, solar and wind are very 
limited within the state bioenergy is poised to contribute significantly in reducing 
Kentucky’s reliance on fossil fuels (Anderson et al. 2009).  Furthermore, a failure to 
expand production of biofuels will require the state to import a significant portion of its 
biofuels by 2022 (Anderson et al. 2009).  Given that approximately half of Kentucky’s 
land area is forested (Thomas et al. 2007) woody biomass from forestland could 
contribute significantly towards supplying feedstock for bioenergy production.  The 
presence of Kentucky’s vast coal infrastructure creates great opportunity for cofiring 
biomass with coal in order to producing electricity as well (Anderson et al. 2009). 
Bioenergy Policy 
 Public policies can be critical in either promoting bioenergy production or 
controlling and mitigating possible environmental degradation caused by bioenergy 
production.  Over the last decade there have been many policy related efforts directed 
towards promoting the development and use of bioenergy throughout the U.S.  For 
example, the Energy Policy Act of 2005 established a Renewable Fuel Standard (RFS) 
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which progressively mandates a minimum volume of renewable transportation fuel be 
made available through 2012.  The Energy Independence and Security Act of 2007 
renewed the RFS with similar progressive biofuel requirements that extend through 2022.  
The Food, Conservation and Energy Act of 2008 included several provisions encouraging 
the development of biofuels and biobased products.  The American Clean Energy and 
Security Act of 2009 which narrowly passed in the House and failed to pass in the Senate 
would have established mandates for using renewable energy sources, such as biomass, 
for electricity generation as well.  Meanwhile, 40 states within the continental U.S. have 
also adopted policies that include provisions for bioenergy production using woody 
biomass (Aguilar and Saunders 2010). 
 Although a variety of policies relating to forest-based bioenergy production have 
already been established effective policymaking requires continual assessment and 
reevaluation.  One particular subject area which deserves further attention is economics.  
Because we live in a finite world with limited resources economics plays a vital role in 
designing and implementing efficient natural resource policy (Ward 2006).  More 
specific to bioenergy, a need exists to consider costs and benefits of production at 
multiple scales (Lior 2010) and to better understand the economic effects associated with 
forest-based bioenergy production (Malmsheimer et al. 2011; Anderson et al. 2009).  If 
supply of woody biomass for energy is to be accurately assessed financial return to 
landowners must be considered as it can play a critical role in a NIPF owner’s decision to 
supply woody biomass for energy production and could have other implications as well.  
For example, markets for woody biomass could incentivize the removal of small, low 
value forest material and help encourage the application of various silvicultural 
6 
 
operations such as thinning (Anderson et al. 2009).  Futhermore, financial incentives for 
NIPF owners have been proposed as a means to combat forest fragmentation and 
parcelization (Robles et al. 2008).  Increases in financial return of forest ownership 
through forest-based bioenergy production could be one such way to achieve this.  On the 
other hand, supply of high quality sawtimber and other traditional forest products could 
be adversely affected if new bioenergy markets significantly alter rotation lengths which 
can be driven by financial incentives (Anderson et al. 2009). 
 While economics can be an important factor in landowners’ decision making only 
20% of NIPF owners claim their primary reason for forest ownership to be economic 
(Best and Wayburn 2001).  Furthermore, assessing impacts of bioenergy production on 
other management objectives is important and as such an in-depth understanding of 
various perspectives is required in order to assess future supply for bioenergy.  One way 
to approach this is by capturing knowledge and expertise of specialists in different 
subject areas.  In this way expert knowledge can be used to help generate information in 
both the design and implementation phases of the policy process (Weible 2008).  Because 
of their specialization and focus of knowledge experts can help provide policymakers 
with the depth and quality of information necessary to make appropriate tradeoffs.   
Research Summary 
 To gain better understanding of the economic implications of forest-based 
bioenergy production an economic analysis was conducted to determine how bioenergy 
production might affect a NIPF owner.  This economic analysis utilized a Faustmann 
(1995) model to determine the effects of producing woody biomass for energy in addition 
to producing traditional forest products from NIPFs in Kentucky.  Using a Faustmann 
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model allowed us to estimate what the potential financial return of harvesting woody 
biomass for energy might be to a NIPF owner and to assess trends in rotation age that 
might occur given that a market for woody biomass for energy production exists.  A 
range of potential stumpage prices for woody biomass enabled us to perform a sensitivity 
analysis between woody biomass stumpage price and financial return and rotation age. 
 To improve understanding of some of the broader policy implications of forest-
based bioenergy production a strategic assessment framework known as Strengths, 
Weaknesses, Opportunities and Threats (SWOT) was used to gather input from expert 
landowners and loggers and policy experts about bioenergy production in Kentucky.  
Focus groups were then utilized to make tradeoffs using the SWOT framework combined 
with the Analytic Hierarchy Process and the Analytic Network Process.  In this way 
expert opinion was used to quantify the relative importance of issues associated with 
forest-based bioenergy production on NIPFs in Kentucky. 
Results from the economic analysis show that the presence of an energywood 
market would increase financial return to NIPF owners.  Furthermore, as the stumpage 
price of energywood increases the financial return to NIPF owners increases as well.  On 
the other hand, as the stumpage price of energywood increases the optimal rotation age 
decreases.  Altogether the economic effects of forest-based bioenergy production could 
have both positive and negative implications for NIPF owners, traditional forest products 
markets and the environment. 
Results from expert landowner and logger focus group discussions show that 
demand is very important.  Results also reveal that many pertinent forest-based bioenergy 
issues in Kentucky are interrelated.  Results from policy expert focus groups show that 
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negative issues are very important.  This suggests that many negative issues associated 
with bioenergy in Kentucky will have to be addressed if forest-based bioenergy is to 
become successful in Kentucky. 
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Chapter 2: Financial Return and Impacts of Energywood on Thinned and 
Unthinned Upland Oak Stands in Kentucky 
Introduction 
 Producing bioenergy using woody biomass from forestlands (energywood) has 
been proposed as a means to solve many problems associated with both fossil fuel-based 
energy and other forms of renewable energy.  In addition to addressing some of society’s 
broader energy-related issues, it is anticipated that producing bioenergy from 
energywood could help to increase financial return of forest ownership and therefore 
benefit rural communities.  Additionally, a viable market for energywood has been 
suggested as a mechanism in which to make certain silvicultural prescriptions 
economically feasible (Munsell and Germain 2007; Aguilar and Garrett 2009).  In this 
way, viable energywood markets could help to stem the ongoing dilemma of forest 
fragmentation and parcelization.  On the other hand, it is feared that utilizing woody 
biomass for energy production could result in negative long term consequences for forest 
health by way of increased nutrient removal and deleterious changes in hydrology 
(Conrad and Bolding 2011; Janowiak and Webster 2010).  Furthermore, it is feared that 
emerging energywood markets could compete with preexisting markets for wood 
products such as pulpwood (Conrad and Bolding 2011). 
 Several recent studies have examined various economic aspects of forest-based 
bioenergy production.  Polagye et al. (2007) assessed the cost of using forest thinnings 
from fuels treatments in Washington state to produce a variety of energy products.  They 
found that production of bioenergy using biomass from forest thinnings was preferable to 
simply disposing of that biomass except when extremely long transport distances were 
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involved.  Susaeta et al. (2009) examined economics of using thinnings from slash pine 
(Pinus ellioti) production to produce bioenergy.  They found that this is an economically 
favorable option for NIPF owners in the southern U.S.  More specifically, Nesbit et al. 
(2011) investigated financial return of producing slash pine for ethanol.  They too found 
this to be a financially favorable option for landowners.  Similarly, many studies have 
examined economic costs associated with harvesting and removing woody biomass from 
forest stands (Baker, Westbrook, and Greene 2010; Puttock 1995). 
 While a variety of studies have investigated various economic aspects associated 
with forest-based bioenergy none have yet investigated economic benefits of forest-based 
bioenergy from a landowner perspective for oak stands in the central hardwood region.  
Although increased financial return for producers and rural economic development are 
often touted as potential benefits of forest-based bioenergy production, more research is 
needed in order to quantify potential benefits to landowners.  In this way, information 
about financial return can aid researchers in evaluating economic viability of forest-based 
bioenergy production from a landowner perspective in the central hardwood region. 
 A standard way to estimate value of forestland is through the use of a Faustmann 
(1995) model.  Through the Faustmann model, land value is calculated and optimal 
rotation length is determined by finding the rotation age at which land value is at its 
maximum.  In this study, a Faustmann model is employed to perform a sensitivity 
analysis for a range of potential energywood stumpage prices.  Effects of energywood 
stumpage price on financial return to NIPF owners and rotation length are examined for 
unmanaged upland oak stands in Kentucky.  Because markets for woody biomass have 
potential to help incentivize certain silvicultural treatments (Munsell and Germain 2007), 
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effects of energywood stumpage prices are also examined for thinned upland oak stands 
in Kentucky. 
Methods 
Data Sources 
 Volumes for sawtimber, pulpwood and energywood were queried from the Forest 
Inventory and Analysis (FIA) Database 5.1 (U.S.D.A. Forest Service 2011) to ascertain 
the species composition of typical stands of different site qualities comprising each 
Kentucky price region.  Volumes for sawtimber, pulpwood and energywood in upland 
oak forests corresponding to the counties within each Kentucky price region (see Figure 
2.1) and site index ranges 50 to 60, 60 to 70 and 70 to 80 were queried from the FIA 
Database.  Stumpage price data for sawtimber and pulpwood were obtained from James 
W. Sewall Company (2010) through Christopher Will (personal communication 2010).  
These data are based on a quarterly stumpage price survey conducted from 2005 to 2010 
and, as such, represent a wide range of variability in wood products markets.  Stumpage 
price data were adjusted for inflation and are presented in 2012 dollars in Table 2.1. 
 In order to assess and compare potential effects of energywood on land value and 
rotation length for both thinned and unthinned upland oak stands, data from Gingrich 
(1971) were used to predict sawtimber and pulpwood yields.  These data are based on 
analysis of plots located in Kentucky, Ohio, Missouri and Iowa (Daniel Yaussy personal 
communication 2011) and are provided for stands with average oak site index 55, 65 and 
75.  To aid in interpreting sawtimber and pulpwood yield data, a cord was assumed to 
contain 80 cubic feet of solid wood (Philp 2004).  For this study, sawtimber volume 
includes wood and bark up to an 8.5 inch diameter top and pulpwood volume includes 
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wood up to a 4 inch diameter top.  A conversion factor of 1.808 relating total 
aboveground biomass to total merchantable biomass in forest stands was used to estimate 
yields for energywood (Sampson and Hair 1996).  Because Gingrich’s (1971) yield data 
are only presented in 10 year increments, yields were predicted for every 10 years from 
stand age 20 to 80 years.  A thinning regime that begins at stand age of 40 years was 
selected because this is a typical stand age at which the first commercial thinning could 
likely be conducted in an upland oak stand in the central hardwood region (Hilt and Dale 
1989).  As such, yields from Gingrich (1971) for thinned stands were used which 
assumed that thinning from below begins at a stand age of 40 years and is carried out 
every 10 years thereafter until the final harvest. 
Product Scenarios 
 Demand for pulpwood is fairly heterogeneous across Kentucky due to the limited 
locations of pulp mills in and around the state (Ammerman 2008).  Because of this it is 
necessary to consider scenarios in which markets for pulpwood do and do not exist within 
each price region of Kentucky.  Additionally, new policies may be adopted that address 
concerns about competition between energywood and existing forest products markets 
and that address concerns about environmental sustainability.  For example, one policy 
approach might be to limit supply of energywood to that which cannot be sold as other 
forest products such as pulpwood.  On the other hand, another potential policy might 
attempt to alleviate environmental concerns by establishing minimum product size 
requirements for that which can be harvested as energywood.  Due to these complexities 
associated with energywood markets, three product scenarios are considered for our 
analyses.  The first product scenario assumes that a pulpwood market is nonexistent and 
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that all woody biomass less sawtimber is sold as energywood.  This scenario is a likely 
scenario throughout much of Kentucky given that pulpwood markets are fairly limited 
throughout the state.  The second product scenario assumes that a pulpwood market exists 
and that all woody biomass less sawtimber and pulpwood is sold as energywood.  This 
product scenario represents a situation in which policy seeks to eliminate competition 
between pulpwood and energywood markets by limiting the size of material that can be 
sold as energywood to that which is smaller than can be marketed and sold as pulpwood.  
The third product scenario assumes a pulpwood market is nonexistent and that only 
woody biomass which meets minimum pulpwood size and is not sold as sawtimber is 
sold as energywood.  This scenario represents a policy situation which seeks to mitigate 
potential environmental damages by establishing a minimum size requirement for 
energywood. 
Economic Models 
 The net present value of timber benefits ( )fpv  on an acre of forestland for a 
single rotation according to each product scenario outlined above was calculated as 
 ( ) ( ) ( )
0
T
rT
f s s p p e epv p y t p y t p y t c e
− = + + − 
 
∑  (2.1) 
where sp , pp and ep are stumpage values for sawtimber, pulpwood and energywood 
respectively as calculated above; ( )sy t , ( )py t  and ( )ey t are volume of sawtimber in 
Doyle bdft, volume of pulpwood in cuft and volume of energywood in cuft; T is stand 
age in years; c is the annual management cost and r is the discount rate.  Because most 
NIPF owners in Kentucky do not actively manage their forestland (Pelkki and Gracey 
1998)  it was assumed that c equals 0 through all years in the rotation.  Discount rate is 
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assumed to be 5% for all calculations which is in accordance with other economic studies 
involving NIPFs (Bullard et al. 2002; Nesbit et al. 2011).  Using the Faustmann (1995) 
model the value of bare land (LEV) used to produce timber in perpetuity is represented by 
 
1
f
rT
pv
LEV
e−
=
−
 (2.2) 
 From this, land value (LEV) was calculated and optimal rotation length was 
determined for three different product scenarios for oak site index 55, 65 and 75 within 
each price region for both unthinned and thinned upland oak stands. 
Results and Discussion 
Product Scenario 1 
 Product scenario one assumes that a pulpwood market is nonexistent and, as such, 
all woody biomass remaining after sawtimber is removed, is sold as energywood.  As 
Figures 2.2 through 2.4 demonstrate, land value increases as the stumpage price of 
energywood increases.  For example, land value of an unthinned upland oak stand with 
site index 55 increases from $19 to $24 per acre in the central price region as the 
stumpage price of energywood increases from $0 to $2 per green ton (see Table 2.6).  For 
upland oak stands with site index 65 and 75 similar trends exist (see Tables 2.7 and 2.8).  
However, stands with a higher site index exhibit greater land value than stands with a 
lower site index across all energywood stumpage prices from $0 to $30 per green ton.  
This is a reasonable expectation since site index serves as a good indicator of site quality 
and a site’s general productive capacity (Nyland 2007). 
 In almost all cases, difference in land value is negligible between thinned and 
unthinned stands.  The few exceptions are when energywood stumpage price is $12 or 
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less per green ton for stands with site index 55.  Our results show that in these instances 
land value is greater when thinning is employed as compared to when it is not. 
 Changes in energywood stumpage price also elicit changes in optimal rotation 
length using our models.  As Figures 2.5 through 2.7 demonstrate, rotation length 
decreases as the stumpage price of energywood increases.  For example, as the stumpage 
price of energywood increases from $1 to $2 per green ton, rotation length decreases 
from 80 to 70 years for upland oak stands with site index 55.  When the stumpage price 
of energywood is $14 per green ton or greater, rotation length for upland oak stands with 
site index 55 is only 40 years.  For upland oak stands with site index 65 rotation length 
decreases from 70 to 50 to 30 years as energywood stumpage price increases from $2 to 
$8 to $12 per green ton respectively.  For upland oak stands with site index 75 rotation 
length decreases from 60 to 30 years as energywood stumpage price increases from $5 to 
$8 per green ton.  As a product of these declines in rotation age, sawtimber comprises 
proportionally less of the total biomass harvested at the end of a rotation as the stumpage 
price of energywood increases (see Figure 2.8).   
Product Scenario 2 
 Product scenario two assumes that sawtimber and pulpwood markets both exist 
and that only biomass remaining after sawtimber and pulpwood are removed is sold as 
energywood.  Like product scenario one, results show that land value increases as 
energywood stumpage price increases.  However, this increase in land value appears to 
be less steep as compared with that of product scenario one.  This is due to the fact that a 
smaller volume of energywood is being sold in this product scenario and therefore the 
stumpage price of energywood has a less pronounced effect on land value.  Similar trends 
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for land value of thinned stands exist for this product scenario as well.  That is, when 
energywood stumpage price is low enough land value is greater for thinned stands than in 
unthinned stands.  Nonetheless, differences in land value between thinned stands and 
unthinned stands tend to be neglible. 
 Rotation length is also affected by energywood stumpage price in product 
scenario two.  In this product scenario the trend is similar to product scenario one in that 
as energywood stumpage price increases rotation length decreases.  However, for 
unthinned upland oak stands with site index 55 the presence of a pulpwood market forces 
rotation length to be lower than in product scenario one when energywood stumpage 
price is no greater than $14 per green ton.  The presence of a pulpwood market in product 
scenario two also seems to play a large role in influencing rotation length for thinned 
stands.  For example, in upland oak stands with site index 55 rotation length is greater for 
thinned stands than unthinned stands when energywood stumpage price is no more than 
$26 per green ton.  Likewise, for upland oak stands with site index 65 rotation length is 
greater for thinned stands than unthinned stands when energywood stumpage price is no 
more than $10 per green ton.  This is driven by valuation by the pulpwood market of 
biomass removed from stands during each thinning.  That is, biomass from thinnings is 
sold early in the rotation and is therefore more valuable when the time value of money is 
taken into consideration.  However, for upland oak stands with site index 75 thinning 
does not appear to have an appreciable effect on rotation length. 
Product Scenario 3 
 Product scenario three assumes that no pulpwood market exists but that only 
biomass which is not sold as sawtimber and which meets size specifications for 
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pulpwood is sold as energywood (i.e. all biomass smaller than that of pulpwood is left in 
the stand).  Trends for land value are similar to product scenario one in that as 
energywood stumpage price increases so does land value.  Unlike product scenario one, 
however, land value does not increase as rapidly.  This too is a result of less biomass 
being sold as energywood.  Trends are also similar among site index categories in that 
stands with a higher site index exhibit greater land value across all energywood stumpage 
prices.  Lastly, thinning appears to have an appreciable effect on land value only when 
energywood stumpage price is low enough.  For example, when energywood stumpage 
price is less than or equal to $18 per green ton land value for thinned stands with site 
index 55 is greater than for unthinned stands with site index 55.  For other site index 
categories the effect of thinning is negligible for product scenario three. 
 Rotation length in product scenario three follows the same trend as in other 
product scenarios.  As the stumpage price of energywood increases, rotation length 
decreases.  Like in product scenario one, rotation length appears to be greater for thinned 
stands than unthinned stands when the price of energywood is low enough.  For example, 
rotation length is lower in thinned stands than unthinned stands when energywood 
stumpage price is no higher than $18 per green ton for site index 55 and is no higher than 
$10 per green ton for site index 65.  For site index 75 the effect of thinning of rotation 
length does not appear to be substantial. 
Conclusions 
 Results indicate that producing energywood in conjunction with traditional forest 
products, such as sawtimber and pulpwood, increases financial return to NIPF owners.  
As previously described and as would be expected land value increases as the stumpage 
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price of energywood increases.  A positive economic return for producing energywood in 
addition to traditional forest products could encourage landowners to supply woody 
biomass for energy production.  Policy instruments such as incentives for bioenergy 
feedstock buyers to procure woody biomass from NIPFs could be used to promote forest-
based bioenergy production in Kentucky.  As a result of increased financial return from 
forest-based bioenergy production other positive effects could be realized as well.  For 
example, increased economic return of forest ownership could help stem forest 
conversion and fragmentation (Robles et al. 2008).  An increase in the amount of 
forestland at the landscape scale could therefore help ensure adequate supplies of other 
forest products such as sawtimber and pulpwood along with other nonmarketable 
ecosystem services. 
 On the other hand, increased economic return from producing energywood 
alongside other traditional forest products appears to decrease optimal rotation length for 
both unthinned and thinned upland oak stands.  While increased economic return to NIPF 
owners helps to ensure adequate supplies for traditional forest products markets in 
Kentucky, declines in rotation age could also diminish these supplies.  However, similar 
economic analyses have shown that demand for low value forest biomass does not 
significantly impact rotation lengths or sawtimber supplies (Snider and Cubbage 2006).  
Declines in rotation length could exacerbate negative ecological ramifications though.  
For example, if rotation length is decreased substantially, as is demonstrated with high 
energywood stumpage prices in this study, site disturbance will become more frequent as 
more biomass is harvested from forest stands.  This has implications for hydrologic 
processes along with overall soil quality and site productivity.  Similarly, removal of 
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additional forest biomass could lead to wildlife habitat degradation or destruction.  If 
policy is adopted that promotes widespread procurement of woody biomass for energy 
production, then policy will likely have to address problems associated with decreased 
rotation length of NIPFs.  Likewise, policy will likely have to address concerns about 
competition between certain forest products industries (i.e. pulp and paper versus energy) 
in order to be politically viable. 
 Results from this study are based on a partial equilibrium analysis.  That is, these 
economic models assume that all other factors are held constant and feedbacks from other 
markets are not taken into account.  Studies of this nature are useful in the first step of 
more in-depth economic analysis.  However, this work could be expanded in order to 
quantify potential shifts in other forest product markets, such as sawtimber and 
pulpwood, that could be driven by forest-based bioenergy production.  Likewise, this 
work could be expanded by investigating the profitability of other silvicultural 
treatments, such as crop tree release and shelterwoods, when markets for energywood are 
considered.  This might prove useful in managing hardwood stands in the central 
hardwood region should viable energywood markets develop.  Results from this study 
also assume that sawtimber quality remains unchanged throughout the rotation of the 
stand.  Future economic analyses similar to this study should attempt to account for 
changes in log grade over time and should attempt to tease out changes in stand quality 
which might occur as a result of viable energywood markets.  This would be useful in 
planning for and designing policy that could address large scale changes which might 
occur with viable energywood markets. 
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 Future work could also incorporate economic benefits associated with ecosystem 
services such as carbon sequestration.  Other studies have shown that managing forest 
stands for carbon sequestration increases rotation length (Stainback and Alavalapati 
2002; K.C. 2012).  As such, inclusion of carbon in land valuation could act to dampen the 
declines in rotation length presented in this study. 
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Table 2.1.  Kentucky stumpage prices averaged from 2005 to 2010 by price region. 
Product 
6 Year Average Stumpage Price (2012 dollars MBF-1) 
Central Region East Region West Region 
High Average Low High Average Low High Average Low 
Red Oak $328 $288 $256 $342 $272 $203 $328 $316 $303 
Black Oak $322 $262 $230 $310 $244 $177 $318 $301 $281 
Scarlet Oak $221 $168 $120 $194 $134 $56 $243 $209 $170 
White Oak $364 $320 $282 $342 $272 $201 $369 $338 $312 
Chestnut Oak $309 $260 $204 $295 $218 $150 $273 $242 $214 
Black Walnut $985 $745 $581 $812 $553 $385 $661 $629 $590 
Black Cherry $769 $620 $497 $735 $551 $384 $619 $555 $502 
Ash $254 $210 $170 $233 $175 $130 $258 $238 $220 
Sugar (hard) Maple $414 $359 $307 $460 $351 $262 $384 $350 $322 
Red (soft) Maple $205 $178 $149 $223 $172 $133 $210 $186 $163 
Yellow Poplar $226 $192 $159 $200 $155 $117 $208 $191 $178 
Gum $131 $98 $67 $96 $54 $25 $148 $127 $106 
Hickory $205 $168 $137 $175 $110 $52 $177 $160 $144 
Hard Hwd. Pulpwood $4 $3 $3 $4 $3 $1 $5 $4 $4 
Soft Hwd. Pulpwood $4 $4 $4 $6 $5 $4 $5 $5 $5 
Pine Pulpwood $5 $5 $5 $4 $3 $2 $8 $7 $6 
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Table 2.2.  LEVs and rotation length by product scenario for site index 55 in Kentucky’s east price region. 
East Price Region: Site Index 55 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $18.77 80 $32.13 80 $28.85 50 $45.98 70 $18.77 80 $32.13 80 
$1 $20.87 80 $37.65 80 $32.79 50 $48.97 70 $19.80 80 $34.96 80 
$2 $24.11 50 $43.46 70 $36.74 50 $51.96 70 $20.83 80 $37.79 80 
$5 $50.28 50 $62.06 70 $48.57 50 $60.91 70 $30.56 50 $47.13 70 
$8 $76.46 50 $83.27 60 $60.41 50 $70.67 60 $44.90 50 $56.78 70 
$10 $94.90 40 $97.98 50 $68.30 50 $77.39 60 $54.45 50 $63.88 60 
$12 $113.88 40 $114.57 50 $76.19 50 $84.12 60 $64.01 50 $71.39 60 
$14 $132.86 40 $132.86 40 $84.08 50 $90.84 60 $73.57 50 $78.89 60 
$16 $151.84 40 $151.84 40 $92.22 40 $97.57 60 $83.98 40 $86.77 50 
$18 $170.81 40 $170.81 40 $100.70 40 $104.44 50 $94.48 40 $95.74 50 
$20 $189.79 40 $189.79 40 $109.18 40 $112.07 50 $104.97 40 $104.97 40 
$22 $208.77 40 $208.77 40 $117.67 40 $119.69 50 $115.47 40 $115.47 40 
$24 $227.75 40 $227.75 40 $126.15 40 $127.31 50 $125.97 40 $125.97 40 
$26 $246.73 40 $246.73 40 $134.63 40 $134.94 50 $136.47 40 $136.47 40 
$28 $265.71 40 $265.71 40 $143.11 40 $143.11 40 $146.96 40 $146.96 40 
$30 $284.69 40 $284.69 40 $151.59 40 $151.59 40 $157.46 40 $157.46 40 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.3.  LEVs and rotation length by product scenario for site index 65 in Kentucky’s east price region. 
East Price Region: Site Index 65 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $48.17 60 $49.51 70 $65.24 60 $67.31 70 $48.17 60 $49.51 70 
$1 $55.46 60 $56.80 70 $68.85 60 $70.76 70 $51.85 60 $53.36 70 
$2 $62.76 60 $64.08 70 $73.27 50 $74.20 70 $55.54 60 $57.20 70 
$5 $91.67 50 $86.98 60 $89.41 50 $85.25 60 $66.60 60 $68.74 70 
$8 $126.12 50 $121.89 30 $105.55 50 $96.52 60 $83.08 50 $82.18 60 
$10 $152.84 40 $152.36 30 $116.31 50 $107.10 30 $95.29 50 $91.50 60 
$12 $182.83 30 $182.83 30 $127.07 50 $120.72 30 $107.50 50 $104.50 40 
$14 $213.30 30 $213.30 30 $137.83 50 $134.34 30 $119.88 40 $119.88 40 
$16 $243.78 30 $243.78 30 $149.79 40 $147.96 30 $135.25 40 $135.25 40 
$18 $274.25 30 $274.25 30 $162.53 40 $161.58 30 $151.69 30 $151.69 30 
$20 $304.72 30 $304.72 30 $175.27 40 $175.19 30 $168.54 30 $168.54 30 
$22 $335.19 30 $335.19 30 $188.81 30 $188.81 30 $185.39 30 $185.39 30 
$24 $365.66 30 $365.66 30 $202.43 30 $202.43 30 $202.25 30 $202.25 30 
$26 $396.14 30 $396.14 30 $216.05 30 $216.05 30 $219.10 30 $219.10 30 
$28 $426.61 30 $426.61 30 $229.67 30 $229.67 30 $235.96 30 $235.96 30 
$30 $457.08 30 $457.08 30 $243.28 30 $243.28 30 $252.81 30 $252.81 30 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.4.  LEVs and rotation length by product scenario for site index 75 in Kentucky’s east price region. 
East Price Region: Site Index 75 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $85.57 60 $84.71 60 $104.37 60 $110.81 60 $85.57 60 $84.71 60 
$1 $94.03 60 $96.00 60 $108.78 60 $116.47 60 $89.62 60 $90.33 60 
$2 $102.49 60 $107.29 60 $113.18 60 $122.14 60 $93.67 60 $95.96 60 
$5 $127.87 60 $141.17 60 $126.40 60 $139.14 60 $105.84 60 $112.84 60 
$8 $191.55 30 $191.55 30 $148.80 40 $156.14 60 $118.00 60 $129.72 60 
$10 $239.43 30 $239.43 30 $168.43 30 $168.43 30 $134.18 40 $140.98 60 
$12 $287.32 30 $287.32 30 $189.83 30 $189.83 30 $158.92 30 $158.92 30 
$14 $335.21 30 $335.21 30 $211.23 30 $211.23 30 $185.40 30 $185.40 30 
$16 $383.09 30 $383.09 30 $232.63 30 $232.63 30 $211.89 30 $211.89 30 
$18 $430.98 30 $430.98 30 $254.03 30 $254.03 30 $238.37 30 $238.37 30 
$20 $478.87 30 $478.87 30 $275.43 30 $275.43 30 $264.86 30 $264.86 30 
$22 $526.75 30 $526.75 30 $296.83 30 $296.83 30 $291.35 30 $291.35 30 
$24 $574.64 30 $574.64 30 $318.23 30 $318.23 30 $317.83 30 $317.83 30 
$26 $622.53 30 $622.53 30 $339.63 30 $339.63 30 $344.32 30 $344.32 30 
$28 $670.41 30 $670.41 30 $361.04 30 $361.04 30 $370.80 30 $370.80 30 
$30 $718.30 30 $718.30 30 $382.44 30 $382.44 30 $397.29 30 $397.29 30 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.5.  LEVs and rotation length by product scenario for site index 55 in Kentucky’s central price region. 
Central Price Region: Site Index 55 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $19.02 80 $32.57 80 $28.64 50 $46.20 70 $19.02 80 $32.57 80 
$1 $21.13 80 $38.10 80 $32.60 50 $49.20 70 $20.06 80 $35.41 80 
$2 $24.26 50 $43.93 70 $36.56 50 $52.20 70 $21.09 80 $38.25 80 
$5 $50.53 50 $62.59 70 $48.44 50 $61.19 70 $30.73 50 $47.61 70 
$8 $76.79 50 $83.82 60 $60.31 50 $70.89 60 $45.12 50 $57.28 70 
$10 $95.23 40 $98.47 50 $68.23 50 $77.64 60 $54.71 50 $64.37 60 
$12 $114.27 40 $115.12 50 $76.15 50 $84.38 60 $64.30 50 $71.90 60 
$14 $133.32 40 $133.32 40 $84.06 50 $91.13 60 $73.89 50 $79.43 60 
$16 $152.36 40 $152.36 40 $92.13 40 $97.88 60 $84.27 40 $87.22 50 
$18 $171.41 40 $171.41 40 $100.64 40 $104.63 60 $94.80 40 $96.22 50 
$20 $190.45 40 $190.45 40 $109.15 40 $112.25 50 $105.34 40 $105.34 40 
$22 $209.50 40 $209.50 40 $117.67 40 $119.91 50 $115.87 40 $115.87 40 
$24 $228.54 40 $228.54 40 $126.18 40 $127.56 50 $126.41 40 $126.41 40 
$26 $247.59 40 $247.59 40 $134.69 40 $135.21 50 $136.94 40 $136.94 40 
$28 $266.63 40 $266.63 40 $143.20 40 $143.20 40 $147.47 40 $147.47 40 
$30 $285.68 40 $285.68 40 $151.71 40 $151.71 40 $158.01 40 $158.01 40 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.6.  LEVs and rotation length by product scenario for site index 65 in Kentucky’s central price region. 
Central Price Region: Site Index 65 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $51.11 60 $52.54 70 $67.58 60 $69.72 70 $51.11 60 $52.54 70 
$1 $58.39 60 $59.81 70 $71.18 60 $73.15 70 $54.79 60 $56.37 70 
$2 $65.67 60 $67.08 70 $74.78 60 $76.58 70 $58.47 60 $60.21 70 
$5 $93.62 50 $89.61 60 $90.44 50 $87.19 60 $69.50 60 $71.72 70 
$8 $127.98 50 $121.57 30 $106.54 50 $98.43 60 $85.05 50 $84.83 60 
$10 $153.23 40 $151.97 30 $117.27 50 $105.92 60 $97.23 50 $94.13 60 
$12 $182.36 30 $182.36 30 $128.01 50 $119.14 30 $109.41 50 $105.02 40 
$14 $212.76 30 $212.76 30 $138.74 50 $132.72 30 $121.58 50 $120.35 40 
$16 $243.15 30 $243.15 30 $149.47 50 $146.31 30 $135.68 40 $135.68 40 
$18 $273.54 30 $273.54 30 $161.73 40 $159.89 30 $151.30 30 $151.30 30 
$20 $303.94 30 $303.94 30 $174.44 40 $173.47 30 $168.11 30 $168.11 30 
$22 $334.33 30 $334.33 30 $187.15 40 $187.06 30 $184.92 30 $184.92 30 
$24 $364.72 30 $364.72 30 $200.64 30 $200.64 30 $201.73 30 $201.73 30 
$26 $395.12 30 $395.12 30 $214.22 30 $214.22 30 $218.54 30 $218.54 30 
$28 $425.51 30 $425.51 30 $227.80 30 $227.80 30 $235.35 30 $235.35 30 
$30 $455.91 30 $455.91 30 $241.39 30 $241.39 30 $252.16 30 $252.16 30 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.7.  LEVs and rotation length by product scenario for site index 75 in Kentucky’s central price region. 
Central Price Region: Site Index 75 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $89.01 60 $88.11 60 $106.48 60 $112.37 60 $89.01 60 $88.11 60 
$1 $97.32 60 $99.21 60 $110.81 60 $117.94 60 $92.99 60 $93.64 60 
$2 $105.63 60 $110.31 60 $115.14 60 $123.50 60 $96.97 60 $99.17 60 
$5 $130.58 60 $143.60 60 $128.13 60 $140.21 60 $108.92 60 $115.76 60 
$8 $188.22 30 $188.22 30 $146.03 40 $156.91 60 $120.88 60 $132.35 60 
$10 $235.28 30 $235.28 30 $162.29 40 $168.05 60 $134.04 40 $143.41 60 
$12 $282.33 30 $282.33 30 $183.26 30 $183.26 30 $156.16 30 $156.16 30 
$14 $329.39 30 $329.39 30 $204.29 30 $204.29 30 $182.18 30 $182.18 30 
$16 $376.45 30 $376.45 30 $225.32 30 $225.32 30 $208.21 30 $208.21 30 
$18 $423.50 30 $423.50 30 $246.35 30 $246.35 30 $234.24 30 $234.24 30 
$20 $470.56 30 $470.56 30 $267.38 30 $267.38 30 $260.26 30 $260.26 30 
$22 $517.61 30 $517.61 30 $288.41 30 $288.41 30 $286.29 30 $286.29 30 
$24 $564.67 30 $564.67 30 $309.44 30 $309.44 30 $312.32 30 $312.32 30 
$26 $611.72 30 $611.72 30 $330.47 30 $330.47 30 $338.34 30 $338.34 30 
$28 $658.78 30 $658.78 30 $351.50 30 $351.50 30 $364.37 30 $364.37 30 
$30 $705.84 30 $705.84 30 $372.53 30 $372.53 30 $390.40 30 $390.40 30 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.8.  LEVs and rotation length by product scenario for site index 55 in Kentucky’s west price region. 
West Price Region: Site Index 55 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $19.80 80 $33.90 80 $29.84 50 $48.11 70 $19.80 80 $33.90 80 
$1 $21.95 80 $39.55 80 $33.88 50 $51.17 70 $20.86 80 $36.80 80 
$2 $24.89 50 $45.47 70 $37.92 50 $54.23 70 $21.92 80 $39.69 80 
$5 $51.69 50 $64.51 70 $50.03 50 $63.40 70 $31.50 50 $49.23 70 
$8 $78.49 50 $86.08 60 $62.15 50 $73.25 60 $46.18 50 $59.10 70 
$10 $97.16 40 $100.78 50 $70.23 50 $80.14 60 $55.96 50 $66.23 60 
$12 $116.59 40 $117.78 50 $78.31 50 $87.02 60 $65.75 50 $73.91 60 
$14 $136.03 40 $136.03 40 $86.39 50 $93.91 60 $75.54 50 $81.59 60 
$16 $155.46 40 $155.46 40 $94.52 40 $100.79 60 $85.98 40 $89.31 50 
$18 $174.89 40 $174.89 40 $103.21 40 $107.67 60 $96.73 40 $98.49 50 
$20 $194.32 40 $194.32 40 $111.89 40 $115.29 50 $107.48 40 $107.68 50 
$22 $213.76 40 $213.76 40 $120.58 40 $123.10 50 $118.23 40 $118.23 40 
$24 $233.19 40 $233.19 40 $129.26 40 $130.91 50 $128.98 40 $128.98 40 
$26 $252.62 40 $252.62 40 $137.95 40 $138.72 50 $139.72 40 $139.72 40 
$28 $272.05 40 $272.05 40 $146.63 40 $146.63 40 $150.47 40 $150.47 40 
$30 $291.49 40 $291.49 40 $155.32 40 $155.32 40 $161.22 40 $161.22 40 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.9.  LEVs and rotation length by product scenario for site index 65 in Kentucky’s west price region. 
West Price Region: Site Index 65 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $50.78 60 $52.19 70 $67.99 60 $70.15 70 $50.78 60 $52.19 70 
$1 $58.19 60 $59.60 70 $71.66 60 $73.64 70 $54.52 60 $56.10 70 
$2 $65.60 60 $67.00 70 $75.54 50 $77.14 70 $58.27 60 $60.01 70 
$5 $94.45 50 $90.08 60 $91.94 50 $88.17 60 $69.51 60 $71.73 70 
$8 $129.45 50 $123.84 30 $108.34 50 $99.61 60 $85.72 50 $85.21 60 
$10 $155.76 40 $154.80 30 $119.27 50 $108.52 30 $98.13 50 $94.68 60 
$12 $185.76 30 $185.76 30 $130.20 50 $122.36 30 $110.53 50 $106.65 40 
$14 $216.72 30 $216.72 30 $141.13 50 $136.20 30 $122.94 50 $122.27 40 
$16 $247.68 30 $247.68 30 $152.39 40 $150.03 30 $137.88 40 $137.88 40 
$18 $278.64 30 $278.64 30 $165.33 40 $163.87 30 $154.12 30 $154.12 30 
$20 $309.60 30 $309.60 30 $178.28 40 $177.70 30 $171.24 30 $171.24 30 
$22 $340.56 30 $340.56 30 $191.54 30 $191.54 30 $188.36 30 $188.36 30 
$24 $371.52 30 $371.52 30 $205.38 30 $205.38 30 $205.49 30 $205.49 30 
$26 $402.48 30 $402.48 30 $219.21 30 $219.21 30 $222.61 30 $222.61 30 
$28 $433.44 30 $433.44 30 $233.05 30 $233.05 30 $239.74 30 $239.74 30 
$30 $464.41 30 $464.41 30 $246.89 30 $246.89 30 $256.86 30 $256.86 30 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Table 2.10.  LEVs and rotation length by product scenario for site index 75 in Kentucky’s west price region. 
West Price Region: Site Index 75 
Energywood 
Stumpage 
Price (per 
green ton) 
Product Scenario 1 Product Scenario 2 Product Scenario 3 
Unthinned Thinned Unthinned Thinned Unthinned Thinned 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
LEV 
Rotation 
Length 
(years) 
$0 $93.43 60 $92.49 60 $112.30 60 $118.68 60 $93.43 60 $92.49 60 
$1 $102.08 60 $104.03 60 $116.80 60 $124.47 60 $97.58 60 $98.24 60 
$2 $110.72 60 $115.57 60 $121.30 60 $130.26 60 $101.72 60 $103.99 60 
$5 $136.66 60 $150.19 60 $134.81 60 $147.63 60 $114.15 60 $121.24 60 
$8 $195.73 30 $195.73 30 $153.88 40 $165.00 60 $126.57 60 $138.49 60 
$10 $244.66 30 $244.66 30 $170.96 30 $176.58 60 $139.77 40 $149.99 60 
$12 $293.59 30 $293.59 30 $192.83 30 $192.83 30 $162.39 30 $162.39 30 
$14 $342.53 30 $342.53 30 $214.70 30 $214.70 30 $189.45 30 $189.45 30 
$16 $391.46 30 $391.46 30 $236.56 30 $236.56 30 $216.51 30 $216.51 30 
$18 $440.39 30 $440.39 30 $258.43 30 $258.43 30 $243.58 30 $243.58 30 
$20 $489.32 30 $489.32 30 $280.30 30 $280.30 30 $270.64 30 $270.64 30 
$22 $538.25 30 $538.25 30 $302.17 30 $302.17 30 $297.71 30 $297.71 30 
$24 $587.19 30 $587.19 30 $324.04 30 $324.04 30 $324.77 30 $324.77 30 
$26 $636.12 30 $636.12 30 $345.90 30 $345.90 30 $351.84 30 $351.84 30 
$28 $685.05 30 $685.05 30 $367.77 30 $367.77 30 $378.90 30 $378.90 30 
$30 $733.98 30 $733.98 30 $389.64 30 $389.64 30 $405.96 30 $405.96 30 
Product scenario 1 assumes all biomass less sawtimber is sold as energywood; product scenario 2 assumes all 
biomass less sawtimber and pulpwood is sold as energywood; product scenario 3 assumes only pulpwood size biomass 
is sold as energywood. All dollar values are inflation adjusted to 2012 dollars. 
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Figure 2.1. Map of Kentucky price regions. 
Kentucky Price Regions 
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LEVs for Central Price Region Site Index 75 
 
Figure 2.2.  LEV as a function of energywood stumpage price for site index 75 in 
Kentucky’s central price region. 
$0.00 
$100.00 
$200.00 
$300.00 
$400.00 
$500.00 
$600.00 
$700.00 
Product Scenario 1: no pulpwood market (all 
biomass less sawtimber sold as energywood) 
$0.00 
$100.00 
$200.00 
$300.00 
$400.00 
$500.00 
$600.00 
$700.00 
Product Scenario 2: with pulpwood market (all 
biomass less sawtimber and pulpwood sold as 
energywood) 
$0.00 
$100.00 
$200.00 
$300.00 
$400.00 
$500.00 
$600.00 
$700.00 
$0
 
$1
 
$2
 
$5
 
$8
 
$1
0 
$1
2 
$1
4 
$1
6 
$1
8 
$2
0 
$2
2 
$2
4 
$2
6 
$2
8 
$3
0 
Energywood Stumpage Price (per green ton) 
Product Scenario 3: with pulpwood market 
(only pulpwood -size material sold as 
energywood) 
Unthinned Stand Thinned Stand 
LE
V
 (p
er
 a
cr
e)
 
33 
 
LEVs for Central Price Region Site Index 65 
 
Figure 2.3.  LEV as a function of energywood stumpage price for site index 65 in 
Kentucky’s central price region. 
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LEVs for Central Price Region Site Index 55 
 
Figure 2.4.  LEV as a function of energywood stumpage price for site index 55 in 
Kentucky’s central price region. 
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Rotation Lengths for Site Index 75 
 
Figure 2.5.  Optimal rotation length as a function of energywood stumpage price for site 
index 75. 
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Rotation Lengths for Site Index 65 
 
Figure 2.6.  Optimal rotation length as a function of energywood stumpage price for site 
index 65. 
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Rotation Lengths for Site Index 55 
 
Figure 2.7.  Optimal rotation length as a function of energywood stumpage price for site 
index 55. 
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Figure 2.8.  Volume of biomass in each product by site index and energywood stumpage 
price for product scenario 1.  
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Chapter 3: Expert Knowledge of Forest Based Bioenergy Issues in Kentucky Using 
SWOT-AHP 
Introduction 
 Over the past decade a variety of policies related to forest-based bioenergy 
production and consumption have been adopted.  Despite the presence of existing policy, 
continual evaluation of strategies and alternatives is an important part of the policy 
process.  As such, efforts at various levels of government are ongoing to evaluate and 
update existing bioenergy policy and adopt new policy as needed.  This is especially 
important in Kentucky given the novelty of producing of bioenergy from forest biomass. 
 One useful way to gather and assess a strategic situation is through a Strengths, 
Weaknesses, Opportunities and Threats (SWOT) framework.  Using the SWOT 
framework experts identify internal and external factors most pertinent to a particular 
decision situation.  Although SWOT has long been used in organizational management 
and planning, it alone provides no means for quantifiable comparison among factors 
identified.  Kurttila et al. (2000) overcome this deficiency by integrating the Analytic 
Hierarchy Process (AHP) into the SWOT framework.  In this way, the hybrid SWOT-
AHP methodology allows experts to analyze a particular situation and quantify the 
relative importance of factors identified through the SWOT framework. 
 Various studies have shown SWOT-AHP to be suitable for practical planning 
purposes.  Kurttila et al. (2000), in developing the hybrid methodology, found SWOT-
AHP helpful to deciding whether or not a Finnish farm should adopt a certified-forestry 
management approach.  Masozera et al. (2006) too found this method valuable in a study 
assessing management strategy for a forest reserve in Rwanda.  Dwivedi and Alavalapati 
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(2009) used SWOT-AHP to assess stakeholder perceptions of forest-based bioenergy 
across the southern U.S.  They too found SWOT-AHP to be useful and noted that similar 
studies could be undertaken at more local scales in order to capture more localized 
knowledge about forest-based bioenergy production.  Furthermore, their study 
incorporated input from across the entire southern U.S. which is dominated by pine 
production unlike Kentucky’s forest industry.  This study used a hybrid SWOT-AHP 
approach to gather expert knowledge about forest-based bioenergy production in 
Kentucky.  Because the vast majority of forest products in Kentucky are supplied by 
NIPFs, landowners and loggers can offer invaluable insight necessary for effective 
development of forest-based bioenergy policy within the state.  Using SWOT-AHP 
methodology input from expert landowners and loggers was captured through focus 
group discussions. 
Methods 
SWOT-AHP Methodology 
 The SWOT-AHP method is applied in three primary steps.  First, SWOT factors 
are identified through an assessment of internal and external environments relative to a 
particular strategic situation.  Strengths and weaknesses are internal factors and are those 
factors which are the direct result of a particular strategy or decision.  Opportunities and 
threats are external factors and are factors which could affect the strategic situation (e.g. 
market conditions or policy environment).  It is important to keep the number of factors 
within each category below 10 because as the number of factors increases it becomes 
increasingly difficult to maintain consistency in making pairwise comparisons (Kurttila et 
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al. 2000; Masozera et al. 2006; Stainback et al. 2012).  As such, only the most important 
or most relevant factors should be included for further analysis. 
In the next step, pairwise comparisons are made within each SWOT category.  
For each pairwise comparison (Figure 3.1), the participant first decides which factor is 
more important relative to the overall decision or goal.  The participant then decides upon 
a degree of importance using the fundamental scale of AHP (Saaty 1977) in which a scale 
of 1 to 9 is used by the participant with 1 signifying equal importance between two 
factors being compared and 9 signifying extreme importance of one factor over the other.  
For an entire set of pairwise comparisons (e.g. all pairwise comparisons in the strength 
category), the eigenvalue method is used to calculate a local priority value for each factor 
and a consistency ratio which signifies departure from a perfectly consistent set of 
responses.  In human decision making, some inconsistency can be expected and therefore 
a consistency ratio of 10% or less is generally deemed acceptable (Saaty 2004; Kurttila et 
al. 2000).  Priority values within a set of pairwise comparisons sum to 1 and can be 
compared to one another with larger values signifying higher importance. 
Following Saaty (2004) and Kurttila et al. (2000) the eigenvalue method is 
conducted as follows.  Relative weights determined by pairwise comparisons are entered 
into a reciprocal matrix in which the assigned relative weight enters as element aij and its 
reciprocal enters on the opposite side of the main diagonal 
 
1 1 1 2 1
2 1 2 2 2
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/ / /
/ / /
/ /
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where each row represents the relative weight of each factor to the others.  When i = j 
then aij = 1. 
When the transpose of the vector of weights w is multiplied by matrix A we get a 
vector represented by λmaxw, in which 
 maxAw wλ= , where ( )1 2
T
nw w w w=   (3.2) 
where maxλ  is the largest eigenvalue of matrix A and w is the transpose of the vector of 
weights.  Equation 3.2 can be written as  
 ( )max 0A I wλ− =  (3.3) 
where I is the identity matrix.  The largest eigenvalue, maxλ , is equal to or greater than n 
or the number of rows or columns in the matrix A (Saaty 1977).  The more consistent the 
responses are with one another the closer maxλ  is to n.  If all responses are perfectly 
consistent then maxλ  equals n (Saaty 1977).  Matrix A can be tested for consistency using 
the formula 
 CICR
RI
=  (3.4) 
 ( )maxCI  
1
n
n
λ −
=
−
 (3.5) 
where CR is the consistency ratio, CI is the consistency index and RI is the consistency 
of a random matrix of order n.   
In the final step, the most important single factor from within each SWOT 
category is brought forward.  Another series of pairwise comparisons is then made by 
comparing the most important single factor from each category among that of the other 
SWOT categories.  In this way the most important factor from each SWOT category 
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serves as a proxy for assessing the relative importance of each SWOT category in the 
context of the overall strategic decision.  Using the eigenvalue method as described above 
priority values are calculated for this set of pairwise comparisons.  Here too a consistency 
ratio of 10% or less must be maintained.  The priority value representing each SWOT 
category is used in this step as a scaling factor.  A global priority value is then calculated 
for each individual factor within the entire SWOT framework by multiplying each local 
priority value by that category’s scaling factor in this way 
 
( )
Global priority of factor
(local priority value of factor ) scaling factor of SWOT category
ij
ij
=
×
 (3.6) 
 Global priority values can then be used to rank each factor by importance within 
the overall SWOT framework whereas larger global priority values signify greater 
importance overall.  Likewise, the importance of factors within each SWOT category can 
be compared among one another in this same way. 
SWOT-AHP Application 
 To capture perceptions of expert loggers and landowners, the SWOT-AHP 
method was applied in coordination with a series of workshops entitled “Biomass 
Harvesting in Kentucky.”  These workshops were organized by University of Kentucky’s 
Forestry Extension and were designed to provide landowners and loggers with well-
rounded information on a variety of topics concerning harvesting woody biomass for 
energy in Kentucky.  A workshop was held in each of three locations throughout 
Kentucky - Princeton, London and Morehead - in July 2011.  University of Kentucky 
Forestry Extension faculty selected individual loggers and landowners in advance of the 
workshops to participate in this study.  Loggers who were known to be both active 
participants in Forestry Extension education programming and well informed regarding 
44 
 
logging operations in Kentucky were selected to participate in this study.  Owners of 
nonindustrial private forestland (NIPF) that were both active members of the Kentucky 
Woodland Owners’ Association and considered to be knowledgeable about forest 
management in Kentucky were selected to participate in this study as well. 
Once participants were identified, a questionnaire that outlined the overall 
purpose of this study and asked participants to identify important Strengths, Weaknesses, 
Opportunities, and Threats regarding the harvest of energywood on NIPFs in Kentucky 
was sent to each participant.  Questionnaire responses were then compiled and examined.  
For this step, responses from both loggers and landowners were combined.  Common 
issues and themes from responses were identified and a list of SWOT factors was 
generated. 
AHP was then applied through six focus group discussions at three separate 
Forestry Extension workshop meetings.  For AHP application, loggers and landowners 
were separated into two separate focus group discussions at each workshop meeting.  In 
each focus group discussion, participants were instructed to reach a group consensus in 
making each pairwise comparison.  Participants were instructed to use a scale of 1 to 9 
for making pairwise comparisons with 1 representing that each factor is equally 
important, 2 and 3 representing that one factor is slightly more important than the other, 4 
and 5 being much more important, 6 and 7 being very much more important, and 8 and 9 
being extremely more important.  Moderators encouraged active discussion among 
participants and ensured that an acceptable level of consistency was maintained for each 
set of pairwise comparisons. 
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 Upon completion of all six focus group discussions, AHP weightings from logger 
focus groups were aggregated and AHP weightings from landowner focus groups were 
aggregated.  Following Xu (2000) the weighted geometric mean method was used to 
aggregate responses for each stakeholder group.  Judgments from each focus group 
discussion were weighted equally and the resulting weighted geometric mean for each 
judgment were then analyzed using Expert Choice (2010) which yielded priority values 
for each SWOT factor and for each focus group demographic. 
Results and Discussion 
 A list of the identified SWOT factors and summary of their global priority values 
is shown in Table 3.1 and Figures 3.2 and 3.3.  Based on questionnaire responses, three 
strengths were identified as important to forest-based bioenergy production in Kentucky.  
The benefit of additional income for loggers and landowners alike was seen as an 
important feature of harvesting energywood from NIPFs in Kentucky.  Participants also 
thought that forest management could be improved through forest-based bioenergy in that 
certain management practices might be encouraged or incentivized through energywood 
harvests.  The benefit of clean, renewable energy was also seen as an important factor.  
Loggers found the benefit of additional income to be the most important strength and 
found that improvements in forest management and clean, renewable energy were much 
less important in comparison.  However, landowners found improvements in forest 
management to be the most important strength and clean, renewable energy and 
additional income to be less important. 
 Four weaknesses were identified as important based on questionnaire responses.  
Landowners and loggers expressed concerns over the potential for environmental damage 
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and overharvesting and high-grading to occur as a result of an energywood harvest.  
Landowners and loggers also expressed concerns that more logging equipment and 
infrastructure would be required in order to harvest energywood.  Low demand for 
energywood was found to be another weakness of concern.  Both expert knowledge 
groups found low demand to be most important among weaknesses.  Both groups also 
found that the potential for environmental damage and overharvesting was relatively 
unimportant.  Additionally, neither group found that additional infrastructural 
requirements of forest-based bioenergy production were very important in comparison to 
other weaknesses. 
 Questionnaire responses revealed four opportunities as important to loggers and 
landowners.  New or improved infrastructure was seen as an important opportunity in that 
improvements to infrastructure could make bioenergy production more feasible in 
Kentucky.  Likewise, policy support and favorable public opinion were identified as 
important factors because either could help to encourage bioenergy production.  
Increased demand for energywood was seen as an important opportunity because 
increased demand could increase the likelihood of bioenergy-associated benefits 
accruing.  Both groups found that increases in demand are most important in terms of 
opportunities for forest-based bioenergy production.  Both groups also thought that 
favorable public opinion and new or improved infrastructure were fairly unimportant 
compared to other opportunities.  Landowners thought that policy support could be an 
important opportunity whereas loggers did not find it to be very important. 
 Three threats were identified as important factors from questionnaire responses.  
Public opposition was identified as a threat because it is thought that the negative public 
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sentiment towards energywood harvesting could influence whether energywood harvests 
are carried out.  Landowners and loggers alike expressed concerns about infrastructure 
failing to develop because this too could threaten the feasibility of energywood harvests 
thereby threatening the development of bioenergy markets.  Lastly, participants thought 
that low or diminishing demand was an important inhibitor of energywood harvesting in 
Kentucky.  Both groups felt that continued low demand and failure of infrastructure to 
develop were the most pertinent threats to forest-based bioenergy production in 
Kentucky.  In comparison, opposition from the public was found to be of least 
importance to both groups. 
 Overall, loggers found threats to be most important and strengths, weaknesses and 
opportunities to be fairly equally important among one another.  As a result expert 
loggers found additional income, current lack of demand, the opportunity created by 
increased demand and the threats of sustained poor demand and lack of infrastructural 
development to be most important.  Landowners, on the other hand, found opportunities 
to be most important, weaknesses and threats to be fairly equally important and strengths 
to be relatively unimportant.  Expert landowners therefore found that current lack of 
demand, the opportunities created by increased demand for energywood and policy 
support and threats created by sustained poor demand and lack of infrastructural 
development to be most important overall. 
Conclusions 
 Results from this study indicate that demand for woody biomass is important to 
both loggers and landowners.  Factors related to demand were consistently found to be 
very important to both expert knowledge groups.  Results also show that both groups are 
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skeptical of the future of forest-based bioenergy production in that many negative factors 
were found to be relatively important.  For example, both groups found that current low 
demand and threats caused by sustained low demand or failed infrastructural 
development to be very important overall.  
 Results suggest that loggers possess objectives that are business and profit 
oriented.  Furthermore, because logging itself is a business practice it makes sense that 
the most important factor to the logger stakeholder group in this study is the benefit of 
additional income.  While this is the most important single factor it is noteworthy to 
mention that demand is very important to landowners as well.  Results from this study 
also suggest that landowners consider many factors in making forest management 
decisions.  This is supported by much literature that recognizes the diverse composition 
of NIPF ownership and the wide array of primary objectives as expressed through NIPF 
landowner surveys (Arano and Munn 2006; Best and Wayburn 2001).  Nonetheless, 
expert landowners participating in these focus group discussions found the opportunity of 
increased demand for energywood to be the most important factor overall.  It is important 
to note, however, that this may not necessarily be due to the potential benefit of increased 
financial return.  Rather, some landowners may perceive increased demand for woody 
biomass as a means to improve land management and gain other benefits associated with 
energywood harvests.  For example, increased demand for woody biomass may make it 
feasible for a landowner to harvest woody biomass in order to improve wildlife habitat or 
remove excess growth in an overstocked stand. 
 Our study results suggest that policies which increase demand for forest-based 
bioenergy are key to establishing a forest-based bioenergy industry in Kentucky.  
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However, merely establishing a market for woody biomass may not be sufficient in 
formulating effective policy.  Consideration must also be given to infrastructure in that 
infrastructure could fail to develop regardless of market forces.  Similarly, attention must 
be given to environmental sustainability and the potentially negative environmental 
effects associated with forest-based bioenergy production. 
 Focus group discussions for both expert knowledge groups also reveal that many 
of the identified factors are interrelated.  Because this topic and others involving natural 
resources are often complex, a method similar to yet somewhat different from SWOT-
AHP may be useful.  Whereas AHP relies on the assumption that factors are independent 
from one another it may be worth considering altering this method to incorporate 
interdependencies among factors.  One way of doing so may be to incorporate Saaty’s 
Analytic Network Process (ANP) into a SWOT framework in much the same way that 
Kurttila (2000) combined AHP with SWOT. 
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Table 3.1.  SWOT factors and their priority values for corresponding focus groups. 
SWOT categories and factors Local Priorities 
 
Global Priorities 
 Loggers Landowners Loggers Landowners 
Strengths 0.246 0.153   
Improves forest management 0.204 0.430 0.050 0.066 
Produces clean, renewable energy 0.110 0.259 0.027 0.040 
Provides additional income 0.686 0.312 0.169 0.048 
Weaknesses 0.218 0.211   
Possible environmental damage 0.071 0.254 0.015 0.054 
Requires more logging infrastructure 0.212 0.138 0.046 0.029 
Currently low demand 0.623 0.495 0.136 0.104 
Potential for overharvest or high-
grading 
0.094 0.113 0.020 0.024 
Opportunities 0.214 0.375   
Policy support 0.152 0.308 0.033 0.116 
Favorable public opinion 0.103 0.110 0.022 0.041 
New or improved infrastructure 0.143 0.193 0.031 0.072 
Increased demand for energy wood 0.602 0.389 0.129 0.146 
Threats 0.322 0.261   
Public opposition 0.158 0.136 0.051 0.035 
Demand remains low or diminishes 0.499 0.393 0.161 0.103 
Infrastructure fails to develop 0.343 0.471 0.110 0.123 
Italicized priority values are scaling factors for respective categories.  
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A value of 1 signifies equal importance between factors and a value of 9 signifies extreme importance of 
one factor over the other. 
Figure 3.1.  Graphical example of a pairwise comparison to be made between two 
strengths. 
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Figure 3.2.  Graphical representation of SWOT factors and their corresponding global 
priority values as determined through AHP analysis with expert logger focus groups. 
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Figure 3.3.  Graphical representation of SWOT factors and their corresponding global 
priority values as determined through AHP analysis with expert landowner focus groups. 
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Chapter 4: Expert Knowledge of Forest Based Bioenergy Issues in Kentucky Using 
SWOT-ANP 
Introduction 
 One research approach that has been useful in improving understanding of 
bioenergy in Kentucky has been using a hybrid Strengths, Weaknesses, Opportunities and 
Threats-Analytic Hierarchy Process (SWOT-AHP) analysis.  As Chapter 3 demonstrated, 
SWOT-AHP can provide researchers with in-depth, consistent information relevant to 
certain policy and planning situations.  Although SWOT-AHP is useful in practical 
natural resource applications it contains one weakness: application of AHP assumes that 
factors operate independently from one another.  While this may be true in some strategic 
situations, others are often characterized by complex interactions among relevant factors.  
For bioenergy, a highly complex policy issue, the Analytic Network Process (ANP) may 
be better suited for quantification of SWOT factors.  Whereas AHP assumes factors being 
compared are independent from one another, ANP incorporates interdependencies and 
adjusts relative importance of factors accordingly (Saaty 2004; Yüksel and Dagˇdeviren 
2007).  In this study SWOT-ANP is used to gather in depth information from policy 
experts about important issues surrounding bioenergy production in Kentucky. 
Methods 
SWOT-ANP Methodology 
 The SWOT-ANP method is applied in four primary steps.  The first two steps are 
carried out in the same manner as with SWOT-AHP (refer to Chapter 3 methods).  In the 
third step, in which SWOT categories are compared to one another, priority values are 
entered into a 4x1 matrix formed like this 
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 
 (4.1) 
where the priority value derived for the strengths category is represented by S, the 
priority value for the weaknesses category is represented by W, the priority value for the 
opportunities category is represented by O and the priority value for the threats category 
is represented by T. 
 In the fourth step dependence among categories is assessed.  To accomplish this, 
pairwise comparisons (Figure 4.1) are made for each category with respect to how 
important other categories are in influencing each other category of interest.  For 
example, in the strengths category the weaknesses category is compared to the 
opportunities category by asking “Are weaknesses or opportunities more important for 
enhancing strengths?”  The single most important factor from within each SWOT 
category can be used as a proxy in making these pairwise comparisons.  In the same way 
that other pairwise comparisons are conducted in SWOT-AHP, participants are instructed 
to reach consensus and rank the level of importance of one factor over another.  Using the 
eigenvalue method described in Chapter 3, a list of priority values is calculated for each 
set of pairwise comparisons within each SWOT category.  These priority values are then 
input into a matrix where each row within a column represents the relative influence of 
each SWOT category relative to the SWOT category that particular column represents 
(Yuksel and Dagdeviren 2007).  A matrix is formed in this way 
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where sw , so  and st  represent the respective priority values of weaknesses, opportunities 
and threats relative to realizing strengths; ws , wo and wt  represent the respective priority 
values of strengths, opportunities and threats relative to overcoming weaknesses; os , ow
and ot  represent the respective the priority values of strengths, weaknesses and threats 
relative to taking advantage of opportunities; and ts , tw  and to  represent the respective 
priority values of strengths, weaknesses and opportunities relative to mitigating threats.  
If a particular SWOT category is not at all dependent on any other SWOT category then a 
value of 0 can be entered in the appropriate matrix position to reflect this. 
 Matrix C from equation 4.2 is then multiplied with matrix B from equation 4.1 to 
form a new 4x1 matrix like this 
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where fs , fw , fo  and ft  are scaling factors for the strengths, weaknesses, opportunities 
and threats categories respectively.  A global priority value is then calculated for each 
individual factor within the SWOT framework by multiplying the local priority value for 
each factor by that category’s scaling factor in this way 
 
( )
Global priority of factor
(local priority value of factor ) scaling factor of SWOT category
ij
ij
=
×
 (4.4) 
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Global priority values can then be used to rank each factor by relative importance within 
the overall SWOT framework.  A larger global priority value signifies greater 
importance. 
 SWOT-ANP Application 
 To capture perceptions of policy experts, SWOT-ANP was applied in focus group 
settings in coordination with the 2011 Kentucky Agriculture Summit: Bioenergy 
Symposium.  Symposium participants knowledgeable about natural resource policy in 
Kentucky, familiar with bioenergy production and employed in various government 
positions were selected to participate in this study.  Participants were contacted ahead of 
time and asked to complete a short online questionnaire survey about the issues 
surrounding agricultural and forest-based bioenergy production in Kentucky.  Survey 
responses were combined and used to identify SWOT factors for ANP application. 
 Following the Bioenergy Symposium held in Louisville, Kentucky ANP was 
applied in two focus groups, one composed of experts in forestry-related policy and the 
other composed of experts in agriculture-related policy.  In both focus group sessions 
participants made tradeoffs using the same identified SWOT factors and were instructed 
to reach group consensus in making pairwise comparisons.  Focus group moderators 
ensured that pairwise comparisons were within the acceptable range of consistency and 
instructed participants to adjust their responses as was necessary in order to maintain 
consistency. 
Results and Discussion 
 A list of identified SWOT factors and summary of their global priority values is 
shown in Table 4.1 for the expert forest policy group and Table 4.2 for the expert 
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agricultural policy group.  Global priority values were calculated using both AHP and 
ANP for analysis so that comparison can be made between the two methodologies.  For 
both policy expert focus groups, global priority values varied depending on whether AHP 
or ANP was used to calculate results.  For both groups, scaling factors for strengths, 
weaknesses and opportunities categories were smaller when AHP was used to calculate 
results compared to when ANP was used.  Likewise, the scaling factor for threats was 
larger for both groups when AHP rather than ANP was used to calculate results.  This 
implies that results will vary depending on whether interdependencies among SWOT 
categories are incorporated.  In this study, strengths, weaknesses and opportunities were 
underemphasized and threats overemphasized when interdependency among SWOT 
categories was not considered. 
 Results from the online questionnaire yielded three factors of importance for each 
SWOT category.  For strengths respondents found that Kentucky is suitable for growing 
biomass and is an important benefit of bioenergy production in Kentucky.  Respondents 
also stated that agriculture and forest-based bioenergy production could provide 
additional income for producers and could therefore incentivize better land management.  
Both expert groups found the potential for additional income for producers to be a very 
important strength and did not find the incentive for better land management resulting 
from bioenergy production to be very important.  Additionally, the agricultural policy 
expert group found Kentucky’s suitability for bioenergy production to a relatively 
important strength whereas the forest policy expert group did not. 
 For weaknesses policy experts found a current lack of demand for bioenergy and 
a lack of technology and infrastructure as important weaknesses.  Policy experts also 
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expressed concern that agriculture and forest-based bioenergy production could have 
negative environmental consequences.  Forest policy experts found the current lack of 
demand for bioenergy to be a very important weakness and the potential for negative 
environmental consequences and current lack of technology and infrastructure to be 
much less important.  Agricultural policy experts, on the other hand, found the current 
lack of technology and infrastructure to be a very important weakness and the current 
lack of demand for bioenergy and potential for negative environmental consequences to 
be of lesser importance. 
 For opportunities respondents thought that future increases in fossil fuel prices 
could act to encourage agriculture and forest-based bioenergy production in Kentucky.  
Likewise, respondents thought public and government support could play a role in 
incentivizing bioenergy production.  Development of new technology and infrastructure 
were identified as an important opportunity in that new technology and improvements to 
infrastructure could be important catalysts for agriculture and forest-based bioenergy 
production in Kentucky.  Both policy expert groups found that future increases in fossil 
fuel prices was an important opportunity for bioenergy production in Kentucky.  
Agricultural policy experts also found that new technology and infrastructure could be an 
important opportunity as well whereas forest policy experts felt that is was a relatively 
unimportant opportunity.  Forest policy experts also felt that public and government 
support was a very important opportunity whereas agricultural policy experts did not. 
 For threats, policy experts thought that an uncertain policy environment could act 
to discourage bioenergy production.  Likewise, policy experts expressed concerns that 
competition from other energy sources and a lack of private sector investment could both 
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threaten the viability of agriculture and forest-based bioenergy production in Kentucky.  
Both expert groups found an uncertain policy environment to be a very important threat 
and that lack of investment from private sector was much less important.  Agricultural 
policy experts also found that competition from other energy sources was an important 
threat as well whereas forest policy experts did not find this to be particularly 
unimportant. 
 Overall, both expert groups found threats to be most important.  However, threats 
are emphasized more heavily for both groups through AHP than through ANP.  Both 
expert groups found weaknesses and opportunities to be very important as well.  
However, if AHP is employed weaknesses become much less important to the forest 
policy experts group and opportunities become much less important to the agricultural 
policy experts group.  This implies that weaknesses increase in importance to the forest 
policy experts and opportunities increase in importance to the agricultural policy experts 
when interdependencies among SWOT categories are incorporated.  Strengths remain 
relatively unimportant for both groups regardless of whether AHP or ANP is employed.  
Both expert groups found that opportunity created by future fossil fuel price increases 
was very important overall.  Likewise, both groups found the threat created by 
uncertainty in future policies to be very important as well.  Forest policy experts also 
found that current lack of demand and the opportunity created by public and government 
support to be very important overall as well.  Agricultural policy experts found the 
current lack of technology and infrastructure and the threat caused by competing energy 
sources to be very important overall. 
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Conclusions 
 Results from this study show that both policy expert focus groups perceive 
negative factors associated with agricultural and forest-based bioenergy production in 
Kentucky as more important than positive factors.  This suggests that some negative 
aspects of bioenergy production may need to be overcome if bioenergy development is to 
move forward in Kentucky.  For both expert focus groups it appears that creating a stable 
or predictable policy environment would be a primary concern.  This would ensure that 
the threat associated with uncertain future policies is mitigated.  Predictable policy could 
furthermore act to create opportunities for agriculture and forest-based bioenergy 
production by helping to establish this newly emerging industry.  Furthermore, a 
proactive policy approach taken by government would help to ensure opportunity created 
by public and government support is realized.  Future increases in fossil fuel prices were 
also found to be important to both expert groups.  Policy that takes a holistic approach in 
dealing with many forms of energy may be necessary so as to harness opportunities 
created by rising fossil fuel prices, an economically substitutable good.  A holistic policy 
approach towards many types of energy might also be necessary to mitigate the threats 
elicited by competing energy sources.  In this way, forest and agricultural-based 
bioenergy production in Kentucky might be further enhanced. 
 Analysis of results from this study also suggest that SWOT-ANP may be better 
suited for topics as complex as bioenergy production.  Comparisons between global 
priority values from AHP and global priority values from ANP suggest that use of AHP 
may misrepresent the true context of a strategic situation or decision.  As these results 
show global priority values do change considerably when dependency among SWOT 
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categories is considered.  For example, it appears that for agricultural and forest-based 
bioenergy in Kentucky threats may be overemphasized when the interdependencies 
among categories are not included.  This was the case for both expert focus groups.  
Likewise, strengths, weaknesses and opportunities appear to be underemphasized in our 
study when interdependencies among categories are not included.  As other studies have 
promoted SWOT-AHP as being easily understood and useful for practical forest planning 
purposes (Kurttila et al. 2000), SWOT-ANP seems to exhibit similar benefits.  The only 
disadvantage to applying ANP to the SWOT framework rather than AHP is that ANP 
application will likely require more time to complete in a focus group discussion due to 
the additional pairwise comparisons that must be made by participants. 
 
  
63 
 
Table 4.1.  SWOT factors and their priority values for the forest policy experts’ focus 
group. 
SWOT categories and factors Local 
Priorities 
AHP Global 
Priorities 
ANP Global 
Priorities 
Strengths  0.053 0.056 
Kentucky is suitable for growing biomass 0.073 0.004 0.004 
Provides additional income for producers 0.761 0.040 0.042 
Provides incentive for better land 
management 
0.166 0.009 0.009 
Weaknesses  0.184 0.232 
Lack of demand for bioenergy 0.574 0.106 0.133 
Potential for negative environmental 
consequences 
0.065 0.012 0.015 
Lack of technology and infrastructure 0.361 0.066 0.084 
Opportunities  0.315 0.317 
Future increases in fossil fuel prices 0.327 0.103 0.104 
Public and government support 0.413 0.130 0.131 
New technology and infrastructure 0.260 0.082 0.082 
Threats  0.447 0.395 
Uncertain future policies 0.745 0.333 0.294 
Competition from other energy sources 0.156 0.070 0.062 
Lack of investment from private sector 0.099 0.044 0.039 
Italicized priority values are scaling factors for respective categories.  
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Table 4.2.  SWOT factors and their priority values for the agricultural policy experts’ 
focus group. 
SWOT categories and factors Local 
Priorities 
AHP Global 
Priorities 
ANP Global 
Priorities 
Strengths  0.061 0.087 
Kentucky is suitable for growing biomass 0.467 0.028 0.040 
Provides additional income for producers 0.467 0.028 0.040 
Provides incentive for better land 
management 
0.067 0.004 0.006 
Weaknesses  0.241 0.253 
Lack of demand for bioenergy 0.231 0.056 0.058 
Potential for negative environmental 
consequences 
0.060 0.014 0.015 
Lack of technology and infrastructure 0.709 0.171 0.179 
Opportunities  0.137 0.263 
Future increases in fossil fuel prices 0.515 0.071 0.135 
Public and government support 0.097 0.013 0.025 
New technology and infrastructure 0.388 0.053 0.102 
Threats  0.561 0.398 
Uncertain future policies 0.429 0.241 0.171 
Competition from other energy sources 0.429 0.241 0.171 
Lack of investment from private sector 0.143 0.080 0.057 
Italicized priority values are scaling factors for respective categories. 
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1 – Equal Importance 
3 – Moderate Importance 
5 – Strong Importance 
7 – Very Strong Importance 
9 – Extreme Importance 
Which is more important for realizing strengths and by how much? 
Mitigating Weaknesses 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Enhancing Opportunities 
Mitigating Weaknesses 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Threats 
Enhancing Opportunities 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Threats 
 
Which is more important for overcoming weaknesses and by how much? 
Enhancing Strengths 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Enhancing Opportunities 
Enhancing Strengths 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Threats 
Enhancing Opportunities 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Threats 
 
Which is more important for taking advantage of opportunities and by how 
much? 
Enhancing Strengths 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Weaknesses 
Enhancing Strengths 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Threats 
Mitigating Weaknesses 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Threats 
 
Which is more important for preventing threats and by how much? 
Enhancing Strengths 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Mitigating Weaknesses 
Enhancing Strengths 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Enhancing Opportunities 
Mitigating Weaknesses 9  8  7  6  5  4  3  2  1  2  3  4  5  6  7  8  9 Enhancing Opportunities 
  
Figure 4.1.  Sample of pairwise comparisons made by participants evaluating 
dependencies among SWOT categories.
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Figure 4.2. Graphical representation of SWOT factors and their corresponding global priority values as determined through both 
AHP and ANP with forest policy experts. 
S1 (0.004) 
S2 (0.040) 
S3 (0.009) 
W1 (0.106) 
W2 (0.012) 
W3 (0.066) 
O1 (0.103) 
O2 (0.130) 
O3 (0.082) 
T1 (0.333) 
T2 (0.070) 
T3 (0.044) 
-0.40 
-0.35 
-0.30 
-0.25 
-0.20 
-0.15 
-0.10 
-0.05 
0.00 
0.05 
0.10 
0.15 
-0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 
Forestry Policy Experts (AHP) 
Strengths Weaknesses Opportunities Threats 
S1: Kentucky is suitable for growing biomass 
S2: provides additional income for producers 
S3: provides incentive for better land 
      management 
 
O1: future increases in fossil fuel prices 
O2: public and government support 
O3: new technology and infrastructure 
W1: lack of demand for bioenergy 
W2: potential for negative environmental 
        consequences 
W3: lack of technology/infrastructure 
 
T1: uncertain future policies 
T2: competition from other energy sources 
T3: lack of investment from private sector 
S1 (0.004) 
S2 (0.042) 
S3 (0.009) 
W1 (0.133) 
W2 (0.015) 
W3 (0.084) 
O1 (0.104) 
O2 (0.131) 
O3 (0.082) 
T1 (0.294) 
T3 (0.039) 
T2 (0.062) 
-0.35 
-0.30 
-0.25 
-0.20 
-0.15 
-0.10 
-0.05 
0.00 
0.05 
0.10 
0.15 
0.20 
-0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 
Forestry Policy Experts (ANP) 
Strengths Weaknesses Opportunities Threats 
S1: Kentucky is suitable for growing biomass 
S2: provides additional income for producers 
S3: provides incentive for better land 
      management 
 
O1: future increases in fossil fuel prices 
O2: public and government support 
O3: new technology and infrastructure 
W1: lack of demand for bioenergy 
W2: potential for negative environmental 
        consequences 
W3: lack of technology/infrastructure 
 
T1: uncertain future policies 
T2: competition from other energy sources 
T3: lack of investment from private sector 
                              67 
 
 
  
Figure 4.3. Graphical representation of SWOT factors and their corresponding global priority values as determined through both 
AHP and ANP with agriculture policy experts. 
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Appendices 
Appendix A: Green Density Calculations 
 The following formula was used to convert between dry density and green density 
for each species within the Forest Inventory and Analysis (FIA) Database 5.1 (U.S.D.A. 
Forest Service 2011) 
 
( )
( )
( )
  
_ _ _ _ _1
100 100 BARK _ VOL _ PCT
_ _ _
_ _ _ _ _1 1
100 100 _ _
_
speciesgreendensity dry density
MC PCT GREEN WOOD BARK VOL PCT
WOOD SPGR GREENVOL DRYWT
MC PCT GREEN BARK BARK VOL PCT
BARK VOL PCT
BARK
=
   +    + +   
 
 
  + −   +  
( )_ _SPGR GREENVOL DRYWT
 
 
 
 
 
 
  
  
  
    
   
where _ _ _MC PCT GREEN WOOD , _ _BARK VOL PCT , 
_ _ _WOOD SPGR GREENVOL DRYWT , _ _ _MC PCT GREEN BARK and 
_ _ _BARK SPGR GREENVOL DRYWT are all values provided in the FIA Database for 
individual species and 
( ) ( )( )
( )( )( )
  
_ _ _ _ _ 62.4
100
_ _ _ 62.4
dry density
BARK VOL PCTVOLUME BARK SPGR GREENVOL DRYWT
VOLUME WOOD SPGR GREENVOL DRYWT
=
  
    
 +  
  
where volume is assumed to equal 1 cubic foot. 
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Appendix B: Nonlinear Regressions of Yield Data 
 Yield data from Gingrich (1971) were used to predict sawtimber and pulpwood 
yields for unthinned upland oak stands between 20 and 80 years old with site index 55, 
65 and 75.  To aid in interpreting Gingrich’s (1971) data, a cord was assumed to contain 
80 cubic feet of solid wood (Philp 2004).  A conversion factor (Sampson and Hair 1996) 
relating total merchantable biomass to total aboveground biomass of forest stands was 
used to predict yields for energywood.  Yields for sawtimber, pulpwood and energywood 
were each fit to the functional form 
 ( ) b ctv t at e−=  (B.1) 
where ( )v t is the per acre volume of each product of interest (i.e. sawtimber, pulpwood 
and energywood), t is stand age in years and a, b and c are parameters to be estimated.  
Values for a, b and c were estimated using nonlinear least squares regression using Stata 
11.0 (2009) and are shown in table B.1.  While these equations were not used in arriving 
at the conclusions presented in Chapter 2 Results and Discussion, they can be used to 
calculate LEVs at 1 year intervals.  Using equation B.1, yields can be predicted for 
sawtimber, pulpwood and energywood for unthinned upland oak stands and can be 
applied to equation 2.1 in Chapter 2. 
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Table B.1. Parameters estimated for Equation B.1 using nonlinear regression. 
Parameters Estimated Site Index 55 Site Index 65 Site Index 75 
 Sawtimber Volume (International ¼ inch 
bdft) 
a 1.41E-21 5.14E-18 5.13E-15 
b 15.45129 14.4937500 12.6599800 
c 0.1387682 0.1837197 0.1644301 
 Pulpwood Volume (cuft) 
a 5.93E-06 6.87E-03 2.678078 
b 6.1601860 3.9474920 2.0072460 
c 0.0950931 0.0586298 0.0239347 
 Energywood Volume (cuft) 
a 0.0000931 0.0058262 0.9698620 
b 5.078952 3.859801 2.225435 
c 0.0699004 0.0506569 0.0214106 
  
71 
 
Appendix C: Calculations for Chapter 2 Methods 
 What follows are additional details regarding how calculations in Chapter 2 
Methods were carried out. 
Stumpage value for sawtimber was calculated for each site index range for each price 
region in this way: 
1. The proportion of total sawtimber volume represented by each commercially 
important sawtimber species was calculated by dividing the merchantable 
volume of sawtimber for each species by the total volume of sawtimber 
among all species. 
2. The proportion of total sawtimber volume represented by each commercially 
important sawtimber species was then multiplied by the relevant average 
sawtimber stumpage price (Table 2.1) for each species. 
3. A weighted average of sawtimber stumpage prices based on species 
composition was then calculated by summing the products calculated in step 
2.  This weighted average represents the stumpage value of a typical 1,000 
board feet of sawtimber for the site index range and price region for which it 
was calculated.  This weighted average is then used in equation 2.1 in Chapter 
2. 
Stumpage value for pulpwood was calculated for each site index range for each price 
region in this way: 
1. The proportion of total pulpwood volume represented by each species was 
calculated by dividing the pulpwood volume for each species by the total 
volume of pulpwood among all species. 
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2. Each proportion representing each species, calculated above, was then 
multiplied by the green density (pounds per cubic foot) of each respective 
species. 
3. The products from step 2 were then summed for each pulpwood product.  For 
example, the products from step 2 for each pine species were summed 
together.  Likewise, the products from step 2 for each soft hardwood species 
were summed together and the products from step 2 for each hard hardwood 
species were summed together. 
4. The sum of products for each pulpwood product (i.e. pine pulpwood, soft 
hardwood pulpwood and hard hardwood pulpwood) were then divided by 
2000 in order to convert units from pounds per cubic foot to tons per cubic 
foot.  These values were then multiplied by their respective average pulpwood 
stumpage price as reported in dollars per ton. 
5. A composite pulpwood stumpage value was then calculated by summing the 
final products from step 4.  This composite pulpwood stumpage value 
represents the stumpage value of an average cubic foot of pulpwood for the 
site index range and price region for which it was calculated. 
Stumpage value for energywood was calculated for each site index range for each price 
region in this way: 
1. The proportion of total energywood volume represented by each species was 
calculated by dividing the energywood volume for each species by the total 
volume of energywood among all species. 
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2. Each proportion representing each species, calculated above, was then 
multiplied by the green density (pounds per cubic foot) of each respective 
species. 
3. All products calculated for each species in step 2 were then summed together.  
This value was then divided by 2000 in order to convert units from pounds 
per cubic foot to tons per cubic foot. 
4. The sum in step 2 was then multiplied by a range of potential energywood 
stumpage prices from $0 to $30 per green ton. 
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